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The Hall effect has been studied in a series of AuFe samples in the re-entrant concentration range,
as well as in the spin glass range. The data demonstrate that the degree of canting of the local spins
strongly modifies the anomalous Hall effect, in agreement with theoretical predictions associating
canting, chirality and a real space Berry phase. The canonical parametrization of the Hall signal
for magnetic conductors becomes inappropriate when local spins are canted.
The ”anomalous” ferromagnetic contribution to the
Hall signal was first clearly distinguished by A.W. Smith
in 1910 [1]. For many decades, the accepted parametriza-
tion of the Hall resistivity in magnetic conductors has
been in terms of the canonical expression
ρxy = RhB = R0B+RsM(B) (1)
where M(B) is the global magnetization, Rs/µ0 is the
anomalous Hall effect (AHE) coefficient and R0 the or-
dinary (or Lorenz) Hall coefficient. Recently the intrin-
sic AHE in band ferromagnets has been re-interpreted in
terms of the k-space Berry phase [2, 3, 4, 5, 6], giving pro-
found new insight into the origin of the Karplus-Luttinger
(KL) ”anomalous velocity” term [7] which is usually the
major contribution to the AHE. This mechanism leads to
a term in Rs proportional to the square of the longitu-
dinal resistivity ρ(T ), and which otherwise depends only
on the band structure and not on the electron scattering.
But the KL term is not the only contribution to the
AHE. In particular for conductors containing spins whose
local magnetic axes are tilted away from the global mag-
netization direction, on theoretical grounds a further
AHE term must exist. This is a physically distinct Berry
phase contribution occuring in real space when the spin
configuration is topologically nontrivial; data on regu-
larly ordered systems such as magnetites and perovskites
whose spins are tilted have been interpreted by includ-
ing this supplementary AHE contribution in the analysis
[8, 10]. The presence of this term is remarkable; it is
counter-intuitive because it involves the magnetization
components perpendicular to M. The theoretical princi-
ples of this contribution, intrinsically linked to chirality,
have now been laid out for the specific case of disordered
canted systems such as spin glasses and re-entrant ferro-
magnets [11, 12]. Despite the disorder which at first sight
would impose a zero net mean chirality, the coupling be-
tween the magnetization and the spin chirality through
the spin-orbit interaction leads to a non-zero net chirality
when there is a finite magnetization which is either in-
duced by a magnetic field in the spin glass case, or which
is spontaneous in the re-entrant case [8, 11, 12]. However
the theory does not for the moment provide a firm order
of magnitude or even sign for the effect in specific cases.
We have made systematic measurements of the Hall
effect in the AuFe alloy series up to 25%Fe. The AuFe
magnetic phase diagram was established by Coles et al
[13], and a wide range of measuring techniques have
since been used to study these systems (see [14] for an
overview). Below a critical Fe concentration the alloys
are spin glasses, while for higher concentrations the al-
loys have been dubbed ”re-entrant” : on cooling one first
encounters a ferromagnetic ordering temperature Tc, and
then a second canting temperature Tk one of whose sig-
natures is a dramatic drop in the low field ac suscepti-
bility. One now knows that below Tk the system still
has an overall ferromagnetic magnetization but the indi-
vidual Fe spins become canted locally with respect to the
global or domain magnetization axis. The drop in suscep-
tibility is due to domain wall pinning through the onset
of Dzaloshinski-Moriya interactions when canting sets in
[19, 20]. For present purposes this alloy series has two
main advantages. First, the basic electronic structure of
the alloys is that of a noble metal containing transition
metal sites and so can be considered to be relatively sim-
ple, in contrast to those of the systems in which chiral
AHE effects have been invoked up to now, such as the
pyrochlore Nd2Mo207 [15] or magnetites [8]. The resis-
tivity is high in all samples at all temperatures of our
study because of impurity scattering [9]. With this type
of electronic structure, the KL term should be strong
2and should behave fairly regularly both as a function of
temperature and of concentration, and should not be ex-
pected to change sign as a function of temperature. Sec-
ondly, the degree of canting can be tuned by modifying
the Fe concentration c. It is well established that as c is
increased Tc rises, Tk drops and the degree of canting at
low temperatures decreases steadily.
Hall data measured at lower fields for the region of Tg
in the spin glass alloys AuFe and AuMn containing 8%
impurity have been analysed to provide evidence for a
chiral term [16, 17] . The present Hall data demonstrate
that there is a strong chiral contribution to the AHE
over a wide concentration range covering the spin glass
and the re-entrant domains.
Going beyond the first step which is to verify if the
term predicted theoretically is visible experimentally, the
AuFe alloys will be able to allow very searching tests of
model predictions, because measurements can be made
as a function of three control parameters : concentration,
temperature, and field.
We have used standard metallurgical methods to pre-
pare AuFe alloys with nominal Fe concentrations of
8, 12, 15, 18, 21 and 25 atomic %. Foils were prepared
by cold rolling to a thickness of about 20µm, and were
cut into the standard Hall geometry. After cold rolling
and cutting the samples were annealed for an hour be-
fore quenching. Once prepared, the samples were stored
in liquid nitrogen to minimize Fe migration effects which
can modify the magnetic properties, particularly close to
the critical concentration. For the Hall and resistivity
measurements an ac current technique was used having
a sensitivity of better than 10−8V . Fields up to 3T could
be applied in the Hall geometry at temperatures from 8K
to room temperature. The magnetization was measured
independently at the same fields and temperatures with
a commercial Squid magnetometer. The moment values
were obtained in low demagnetization factor geometry,
and were then corrected appropriately for the Hall ge-
ometry demagnetization factor.
The magnetic properties of the AuFe alloys have been
studied extensively; see Ref. [13, 14, 18, 19, 20, 21, 22,
23] and many other contributions. Up to 13%Fe the al-
loys are spin glasses with the freezing temperature Tg in-
creasing regularly with c. From 13%Fe to about 30%Fe
the alloys are re-entrant ferromagnets; the Curie tem-
perature Tc increases strongly with c while the canting
temperature Tk decreases steadily towards zero. Neu-
tron diffraction shows that the transverse spin compo-
nents in the re-entrant phase are not random but that
there are transverse ferromagnetic correlations between
the spins [21]; neutron depolarization proves the persis-
tence of ferromagnetic domains down to the lowest tem-
peratures [22]. In this re-entrant region the usual canting
temperature Tk estimates which we quote correspond to
static or low frequency measurements, but for temper-
atures between Tc and Tk inelastic neutron diffraction
(which is a high frequency measurement) shows magnon
softening indicating a slowing down of canting dynamics
[23].
The Hall coefficent Rh(T ) is shown in figure 1 for four
alloys as a function of temperature at a single fixed mag-
netic field. For this figure the fields have been chosen such
that the re-entrant samples are close to technical satura-
tion at low T . On the same plots we show a calculated
R∗h(T ) estimated assuming only the canonical contribu-
tions :
R∗h(T ) = R0(c) +A(c)Mh(T )[ρ(T )]
2 (2)
where the first term is the ordinary Hall coefficient and
the second term is an estimate of the KL AHE con-
tribution calculated using Mh(T ) (the measured ratio
of the magnetization in Hall geometry to the applied
field) times the square of the resistivity ρ(T ) multi-
plied by a concentration dependent constant A(c). R0(c)
and A(c) were estimated by first plotting Rh(T ) against
Mh(T )[ρ(T )]
2. For each sample the data in the high tem-
perature range fall on a straight line, which is consistent
with the assumption that the these conventional terms
dominate at high T . The intercept and the slope of
each line provide us with values of R0(c) and A(c) re-
spectively in equation 2. In these concentrated alloys
and at the fields indicated R0 makes only a small rela-
tive contribution to the total Rh except towards the very
high temperature limit. For the lower concentrations its
value is close to that of Au metal, −7.10−11m3/C [24]
but R0(c) then evolves towards positive values, changing
sign near 13% Fe (c.f. [25, 26]). For the concentrations
for which we show data, A(c) can be estimated accu-
rately from the Rh(T ) against Mh(T )[ρ(T )]
2 plots. A(c)
evolves from negative at low Fe concentrations to positive
at high concentrations with a change of sign near 16%Fe.
(This behaviour is very similar to that of the ferromag-
netic NiFe and PdFe alloy series which can be expected
a priori to have a broadly similar electronic structures to
the AuFe series; the AHE exponent Rs(c) passes from
negative to positive near 13%Fe in NiFe [27] and near
18%Fe in PdFe [28]).
A ”conventional” AHE R∗h(T ) was calculated over the
entire temperature range assuming A(c) and R0 to be
temperature independent. In fact this is an approxima-
tion; in particular once in the ferromagnetic regime R0
depends on the effective spin-up to spin-down resistivity
ratio [29] and so will be temperature dependent. For the
data reported here this should represent a minor correc-
tion. On the other hand as the basic electronic structure
of these alloys is simple (in contrast to that of the fer-
romagnetic perovskite SrRuO3 for instance [4, 30]) one
should expect that a temperature independent A(c) in
the KL term for each alloy should be a reasonable approx-
imation. It can be noted that below Tc the absolute value
of the calculated R∗h(T ) tends to drop in the re-entrant
3alloys because as T decreases the drop in resistivity more
than compensates the increase of magnetization.
Except for the 25%Fe sample there is a striking differ-
ence between the measured Rh(T ) and the R
∗
h(T ) curve
calculated with the conventional contributions only, lead-
ing to a total Rh(T ) which changes sign with temperature
for the intermediate concentrations.
We ascribe the difference [Rh(T )−R
∗
h(T )] to the cant-
ing term. Consider first the high concentration end at
25%Fe, where we know that low temperature canting is
weak (but not zero [31]). Rh is dominated over the whole
temperature range by the KL term, positive at this con-
centration; the measured Rh(T ) is only slightly less pos-
itive than the calculated R∗h(T ) for temperatures below
Tc. As the concentration is then reduced step by step
towards and beyond the critical concentration of 13%Fe,
we know that the low temperature canting of the spins
progressively increases. In the limit T tending to zero, a
negative [Rh(0) − R
∗
h(0)] term steadily develops for the
sequence of alloys 21% Fe, 18% Fe, 15% Fe, 12%Fe. For
the first two alloys there is a change of sign with tem-
perature (c.f. [32]), and for the 15% alloy where the
KL term is weak (15%Fe is close to the concentration
where this term changes sign) the negative term domi-
nates over almost the entire temperature range. Finally
when we pass the transition into the spin glass alloy re-
gion, for the 12%Fe there remains a negative contribu-
tion with respect to the calculated R∗h(T ) which peaks in
the neighbourhood of Tg. The difference term then be-
comes positive by 8%Fe as was observed at lower applied
fields [16]. The change in sign in the canting term may
be associated with the difference between ferromagnetic
correlations among the canted spin components for the
more concentrated alloys and quasi-random correlations
well in the spin glass region.
The chiral or real space Berry phase theory as applied
to the re-entrant systems [11, 12] states that local spin
canting should lead to the novel chiral AHE term, but
makes no firm prediction concerning either the sign or
the strength of the effect. The present experimental data
in the low temperature limit demonstrate that in the re-
entrant alloys there is indeed a large positive contribu-
tion over and above the canonical KL term, and that the
strength of this contribution is closely correlated with the
degree of canting. At low temperatures, this term is large
enough to dominate the KL term over almost all the re-
entrant region . Because of the clear correlation with the
presence of canting the difference term can be confidently
identified with the theoretically predicted chiral or real
space Berry phase term.
Once this point established, we can discuss the tem-
perature dependence of the effect. At face value, in the
re-entrant concentration range the theory [12] would pre-
dict an onset of the chiral term Rh(T )−R
∗
h(T ) only be-
low the static canting temperature Tk(c). The data in
Figure 1 indicate inequivocally that the extra term ap-
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FIG. 1: The total Hall effect Rh(T ) measured in the six sam-
ples of the AuFe alloy series as functions of temperature, at
applied fields of 0.5T for the two highest concentrations, and
of 0.25T for the others. Rh is measured in units of 10
−9m3/C.
For each panel R∗h(T ) is calculated for the same field assum-
ing that only the standard ordinary Hall and KL terms con-
tribute (see equation (2)). R∗h(T ) is shown as a continuous
line. Concentrations are listed going downwards from 25%Fe
to 8%Fe. Ordering temperatures Tc and Tg were measured
on the present samples using low field magnetization data;
canting temperatures Tk are quoted from Coles et al [13].
pears already at temperatures well above Tk(c) for each
concentration. This can be understood at least at the
phenomenological level by taking into account the rela-
tively slow relaxation of the transverse [x, y] components
of the spins even above Tk(c). One can conjecture that
the Berry phase Hall effect like a normal transport prop-
erty is sensitive to magnetic configurations on a time
scale of the electron scattering time, i.e. typically 10−12
seconds. When the local [x, y] component relaxation is
slower than this, the conduction electron will sense the
canting as frozen. Hence the canting AHE term can be
expected to appear at some temperature, higher than Tk,
4whose value will be controled by the local spin relaxation
rate. Neutron scattering and µSR data give indications
of this relaxation rate [23, 33]. A quantitative discussion
must await a detailed analysis of the relaxation data, and
a more complete theoretical understanding of the real
space Berry phase mechanism in the presence of relaxing
spins would be very welcome. To give a quantitative anal-
ysis of the data it would also be necessary to have in hand
model predictions for the effect of spatial correlations be-
tween the [x, y] components on the strength of the Berry
phase term. (Though Taniguchi et al [17] also appeal to
the same theoretical models, their interpretation of Hall
data an alloy similar to ours is entirely different as they
consider that only the differences between Rh values af-
ter Zero Field Cooled and Field Cooled protocols can be
ascribed to the canting term).
We conclude that the chiral or Berry phase term should
thus be present in any conductor containing statically
canted local spins, and also in conductors with spins
which are effectively canted when their relaxation rate
is smaller than the conduction electron scattering rate
even if they are aligned ferromagnetically on average
over long time scales. In these circumstances equation
(1) can still be written down formally, but it loses all
transparency because physical phenomena depending not
only on the bulk magnetization but on the details of the
transverse local spin structure and its dynamics will be
hidden within the AHE parameter Rs. There should at
least be a further term depending on [<| M⊥ |>], the
average local magnetization component perpendicular to
the global magnetization axis, and even this modifica-
tion would be insufficiant as a full interpretation of the
Hall signal would require detailed knowledge of the mi-
croscopic magnetic configuration of the local spins, and
of their dynamics.
In summary, we have presented experimental AHE
data for the re-entrant AuFe alloy series which demon-
strate conclusively the presence of a strong AHE term
linked to local spin canting, providing clear experimental
evidence which supports rigorous but qualitative theo-
retical predictions based on chirality or real space Berry
phase considerations [8, 11, 12]. This mechanism has an
entirely different physical origin from that of other con-
tributions involved in the interpretation of the AHE, and
the present results show that it can be important even in
metals with relatively simple band structures. The influ-
ence of spin dynamics on this AHE term does not seem
to have been considered up to now.
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